Introduction
A universal challenge faced by life forms is the packaging of genetic material. For example, to be accommodated within the eukaryotic nucleus, DNA must undergo a compaction of about 10,000-fold. Histones play a central role in this compaction (Kornberg, 1974; Kornberg and Thomas, 1974) . In bacteria, DNA compaction is achieved in part by a group of small, basic, DNA-binding proteins called nucleoid-associated proteins (NAPs) (Dillon and Dorman, 2010) . NAPs play a key role in genome organization at different length scales, thus helping in the final multi-level arrangement of the bacterial nucleoid (Badrinarayanan et al., 2015; Dame and Tark-Dame, 2016) . Like histones, the NAPs not only condense the chromosome, but they also play a key role in global transcription regulation (Dillon and Dorman, 2010; Browning et al., 2010) . While histones are known to interact with each other to form nucleosomes and with non-histone proteins to fine-tune chromatin structure and gene expression (Smerdon and Isenberg, 1976; Yu and Spring, 1977; Kohlstaedt and Cole, 1994; Trieschmann et al., 1998; Cato et al., 2008; Fonin et al., 2010; Vogler et al., 2010; Watson et al., 2014; Postnikov and Bustin, 2016) , interactions between bacterial NAPs has not been reported. In the present study, we looked for possible interactions between NAPs, with particular focus on HU.
We chose to examine mycobacterial HU for several reasons. First, in mycobacteria, HU is encoded by a single, essential gene (Bhowmick et al., 2014) , hupB, and HU is a homodimer (Mukherjee et al., 2009; Grove, 2011) . In contrast, in Gram-negative bacteria HU is more complex, existing as a heterodimer of HUα and HUβ; neither gene encoding the subunits is essential (Kano et al., 1986; 1988) . Moreover, a growth phase variation of the homodimeric and hetrodimeric forms occurs in these bacteria (Claret and Rouviere-Yaniv, 1997) . Second, unlike Gram-negative HUs, mycobacterial HU has a carboxy-terminal extension that, from its amino acid sequence, is expected to be highly flexible (Mukherjee et al., 2008; Grove, 2011) . The importance of the carboxy-terminus for DNA binding is illustrated by the decreased DNA binding of the carboxy-terminal deletant of Mycobacterium smegmatis HU as compared to the full-length protein (Mukherjee et al., 2008) . Notably, recent studies have also demonstrated that such a deletant is not able to interact with the nucleoid (Hołówka et al., 2017) , further substantiating the role of the carboxy-terminal domain in DNA binding. Third, the sequence in the carboxy-terminus has repeat motifs that are reminiscent of the sequences in histone tails, linker histones and HMG proteins (Grove, 2011) , each of which is known to interact with other chromatin architectural proteins. Thus, mycobacterial HU, in particular HU from Mycobacterium tuberculosis (Mtb), appears to be a good candidate to use as bait for examining interactions with other NAPs.
In the present work, we report that Lsr2 interacts with Mtb HU (MtHU). Lsr2 is another major NAP in Mtb (MtLsr2). It is highly conserved among mycobacteria and other actinomycetes, but it is absent in Gramnegative bacteria (Gordon et al., 2008) . It regulates a plethora of genes in Mtb, including virulence determinants (Gordon et al., 2010; Bartek et al., 2014) . It is a functional homologue of H-NS, a well-studied NAP in Gram-negative bacteria as it is able to complement H-NS deficient phenotypes (Gordon et al., 2008) and shows DNA-binding properties akin to H-NS (Chen et al., 2008) . Here, we show that these two NAPs (MtHU and MtLsr2) form a complex that has DNA architectural and transcription regulatory properties that differ from those of MtHU and MtLsr2 when examined individually. Thus, NAPs interact to form DNA-binding entities having novel features, an observation that opens a new avenue of investigation into the dynamics of bacterial chromosome structure and function.
Results

Direct physical interaction between MtHU and MtLsr2
MtHU has a flexible carboxy-terminal domain, making it likely to interact with other proteins. To investigate the possibility that MtHU interacts with other NAPs, anti-MtHU antibody was used to affinity-precipitate MtHU from lysates of Mtb strain H37Ra. Treatment with DNase and RNase were included to eliminate an apparent interaction due to MtHU and other proteins binding to the same DNA or RNA fragment. The immunoprecipitated proteins were subjected to mass spectrometric (nano LC-MS/MS) analysis on a Bruker Maxis Impact QTOF instrument. The MS/MS spectra were used for a Mascot database searching. The analysis of the precipitated protein pool showed that MtLsr2 is one of the proteins that interact with MtHU (Fig. 1A) . The interaction was observed when MtHU was immunoprecipitated from cultures grown to log phase and stationary phase (Fig. 1A ) and in hypoxic conditions (Wayne and Hayes, 1996) (Fig. S1B) . The interaction was also observed in other pull-down assays performed with cell extracts. When an MtbH37Ra lysate was incubated with hexa-histidine-tagged MtLsr2 and then affinity-precipitated with Ni-NTA beads, MtHU was observed in the precipitated fraction (Fig. 1B) . Moreover, MtHU was co-immunoprecipitated from the Mtb lysate by anti-MtLsr2 antibody (Fig. 1C) .
Since co-precipitation of MtLsr2 with MtHU from cell extracts could be due to interactions with a common, third protein species, affinity-precipitation experiments were conducted with purified proteins. MtHU and MtLsr2 were mixed together, incubated and hexa-histidine-tagged MtLsr2 was affinity-precipitated using Ni-NTA beads ( Fig.  2A) . In a second experiment, MtHU was affinity-precipitated using anti-MtHU antibody (Fig. 2B) . The presence of MtHU and MtLsr2 in the respective precipitation reactions directed at each protein separately confirmed a direct physical association between the two proteins ( Fig. 2A  and B) . Thus, the affinity assays indicate a direct interaction between MtHU and MtLsr2.
Lsr2-NTD and HU-CTD are the interacting domains
Both MtHU and MtLsr2 have properties typical of NAPs having pIs of 11.95 and 10.08 respectively. Thus, an interaction between two basic proteins was surprising. To seek an explanation, we investigated the contribution of individual domains of each protein. MtHU has two distinct domains, the amino and the carboxy domains, both of which are basic and have the ability to bind DNA, albeit with different affinities (Mukherjee et al., 2008) . In the case of MtLsr2, the carboxy-terminus is basic, while the amino-terminus is acidic (the former is involved in DNA binding, the latter in oligomerization (Gordon et al., 2011; Summers et al., 2012) . Affinity-precipitation assays with the separate domains of the two proteins revealed that the acidic amino-terminus of MtLsr2, but not its DNA-binding carboxy-terminus, interacts with full-length MtHU (Fig. 3A) . In the converse experiment, the flexible carboxy-terminus of MtHU was involved in the interaction with full-length MtLsr2 (Fig. 3B) .
MtHU-Lsr2 complex has distinct DNA architectural properties
We next investigated the DNA-binding properties of the MtHU-Lsr2 complex. First, using an electrophoretic mobility shift assay (EMSA), we showed that the complex, formed by the interaction of two DNA-binding proteins, also has DNA-binding activity. When binding to a double-stranded 30-mer DNA oligonucleotide, an equimolar MtHU-Lsr2 complex showed slower mobility than the protein-DNA complexes derived from the individual proteins (Fig. 4B , compare lanes 2, 3 with lane 4). In the EMSA experiment, MtLsr2-NTD, on its own, did not bind to DNA (Fig. 4B, lane 5) , which is expected, as it is the oligomerization domain of MtLsr2 and does not contribute to DNA binding (Gordon et al., 2010) . However, when in complex with MtHU, MtLsr2-NTD showed a shift in DNA mobility similar to that of the complex containing both full-length proteins (i.e. MtHU-Lsr2 complex) (Fig. 4B , compare lanes 5 and 6). This result is consistent with the result of the pulldown assays showing interaction between MtLsr2-NTD and MtHU. Similarly, an MtHU mutant deficient in DNA binding (MtHUR55A) (Bhowmick et al., 2014) showed reduced binding to DNA on its own (Fig. 4B, lane 7) , but when present as a complex with MtLsr2 it showed a mobility shift comparable to that associated with the MtHU-Lsr2 protein complex (Fig. 4B , compare lanes 7 and 8). Taken together, these results show that the MtHU-Lsr2 complex can bind to DNA. It is also apparent that formation of this complex is independent of DNA binding, thereby corroborating the conclusion of a protein-protein interaction.
Since both MtHU and MtLsr2 are NAPs that contribute to remodelling DNA (Chen et al., 2008; Ghosh et al., 2016; Anand et al., 2017) , we examined the DNA architectural properties of the MtHU-Lsr2 complex using atomic force microscopy (AFM). AFM images of MtHU complexed with DNA showed condensed, ball-like DNA-protein complexes (Fig. 5B) . Such structures of MtHU-DNA complexes have been reported previously (Ghosh et al., 2016) . In contrast, MtLsr2 is a DNA-bridging protein (Chen et al., 2008) , as confirmed in the present study using pUC18 (Fig. 5C ). The MtHU-Lsr2 complex showed a distinctly different mode of DNA interaction: the complex coated linear DNA rather than exhibiting bridging (MtLsr2) or compaction (MtHU) (Fig. 5D) . Moreover, the dimensions of the MtHULsr2-DNA complexes were different from the MtHU-DNA and the MtLsr2-DNA complexes. For example, the height of the pUC18 molecule alone ranges from 0.3 to 0.4 nm ( Fig. 5A ), while the height of the DNA when complexed with MtHU is around 1.2 nm (Figs 5B and S3A). The MtLsr2 complexes in which DNA is bridged show a height of about 0.7 to 1 nm (Figs 5C and S3B) . In contrast to these structures, the MtHU-Lsr2-DNA complexes are higher -2 to 3 nm (averaged over 50 complexes) (Figs 5D and S3C) . Together these observations show that the MtHU-Lsr2 complex binds to DNA, and it does so in a strikingly different manner than seen with the individual proteins.
The MtHU-Lsr2 complex is a transcription regulator
In addition to their function as NAPs, both MtHU and MtLsr2 are regulators of gene expression (Colangeli et al., 2007; Gordon et al., 2010; Bartek et al., 2014; Bhowmick et al., 2014; Pandey et al., 2014) . Genomewide binding studies showed that MtLsr2 binds to about 21% of the Mtb genome encompassing genes involved in diverse pathways. It binds predominantly to the A/Trich regions including the horizontally acquired regions and genes coding for virulence factors such as cell wall lipid constituents, proteins involved in secretion systems and antigenic proteins (Gordon et al., 2010) . MtLsr2 is also critical for regulating genes involved in adaptation of the bacteria to extreme oxygen stresses and survival 
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in macrophages to cause persistent infection (Bartek et al., 2014) . Comparison of MtLsr2-binding sites with the expression of the genes regulated by MtLsr2 revealed that it has largely inhibitory effect on gene expression (Gordon et al., 2010) . Similarly, genome-wide binding data of MtHU obtained by ChIP-sequencing revealed its location across the Mtb genome (Table S2 and Fig.  S4A ). Being a major NAP, MtHU-binding sites are spread A. Domain organization of MtHU and MtLsr2. MtHU is composed of amino-terminal (orange) and carboxy-terminal (purple) domains. MtLsr2 is composed of an acidic amino-terminal domain (pink) and a basic carboxy-terminal (green) domain. The pI of each domain in MtHU and MtLsr2 is indicated. B. Ni-NTA affinity pull-down experiments using hexa-histidine tagged domains of MtLsr2 (MtLsr2-NTD, MtLsr2-CTD) and untagged fulllength MtHU. Lanes 1 and 2 are the supernatant and pellet fractions of pull-down experiment with MtLsr2-NTD and MtHU respectively. Lanes 3 and 4 are the supernatant and pellet fractions of pull-down experiment with MtLsr2-CTD and MtHU respectively. Lanes 5 and 6 are the supernatant and pellet fractions of control pull-down experiment. The presence of MtHU (marked by red arrow) with MtLsr2-NTD in lane 2 indicates co-precipitation of the two proteins. Lanes 7, 8 and 9 are purified MtLsr2-NTD, MtLsr2-CTD and MtHU respectively. C. Ni-NTA affinity pull-down experiments using hexa-histidine tagged domains of MtHU (MtHU-NTD, MtHU-CTD) and untagged full-length MtLsr2. Lanes 1 and 2 are the supernatant and pellet fractions of pull-down experiment with MtHU-NTD and MtLsr2 respectively. Lanes 3 and 4 are the supernatant and pellet fractions of pull-down experiment with MtHU-CTD and MtLsr2 respectively, while lanes 5 and 6 are the supernatant and pellet fractions of control pull-down experiment. The presence of MtLsr2 (marked by red arrow) with MtHU-CTD in lane 4 indicates co-precipitation of the two proteins. Interaction of MtHU and MtLsr2 described in the earlier section (Figs 1 and 2) led us to analyse the binding data of both the NAPs to identify common binding regions across the genome. Analysis of the previously published MtLsr2-binding sites (Gordon et al., 2010; Minch et al., 2015) and MtHU-binding sites, derived by ChIP-sequencing, revealed an overlap in the binding regions of the two NAPs, illustrated by a Venn diagram (Fig. S4B) . The binding of MtHU and MtLsr2 overlapped in about 61 sites (Table S3) . Among these sites, two (rv1793, rv3904c) from the ESAT-6 family involved in secretion and virulence and one encoding a putative transposase (rv1034c) were chosen. In vitro transcription templates were generated using the upstream regions of these genes. A fourth gene (rv3376) which is a conserved hypothetical protein with a similarity to members of halo acid dehydrogenase family was also taken from the overlapping binding data. The Mtb rrn PCL1 promoter, which does not bind to either MtHU or MtLsr2, was selected as a control. Individually, MtHU and MtLsr2 showed opposing effects on transcription at promoters of two genes (rv1793 and rv3904c): MtHU repressed transcription (by 1.3-fold in both cases), while MtLsr2 activated it (by 1.6-and 2.8-fold respectively) (Fig. 6) . The MtHU-Lsr2 complex also repressed transcription (by 14-and 1.5-fold respectively). At the rv1034c promoter, however both MtHU and MtLsr2 repressed transcription by 3-and 1.26-fold respectively. In the presence of the MtHU-Lsr2 complex, transcription was severely inhibited (42-fold repression when compared to MtHU alone) (Fig. 6) . At the rv3376 promoter, the two individual proteins and their complex activated transcription (Fig. 6 ) by 1.7-fold. The rrn PCL1 promoter, as expected, showed no effect of MtHU, MtLsr2 or the MtHU-Lsr2 complex on transcription (Fig. 6) .
Discussion
NAPs play a crucial role in managing the bacterial nucleoid by modulating DNA trajectory, DNA supercoiling and global gene expression (Dillon and Dorman, 2010; Browning et al., 2010; Dorman, 2013) . They have been considered to be the functional homologues of histones in bacteria. The interactions between the DNA architectural proteins are central to eukaryotic chromatin dynamics and therefore gene expression (Smerdon and Isenberg, 1976; Yu and Spring, 1977; Kohlstaedt and Cole, 1994; Trieschmann et al., 1998; Cato et al., 2008; Fonin et al., 2010; Vogler et al., 2010; Watson et al., 2014; Postnikov and Bustin, 2016) . Such interactions, if any exist in bacteria, have not been addressed previously. To determine whether such interactions occur in bacteria, we examined two principal NAPs in Mtb, MtHU and MtLsr2, which are among the best-studied of the Mtb NAPs. MtLsr2 is a mycobacterial-specific NAP having properties of enterobacterial H-NS. Although ubiquitous in bacteria, in actinomycetes, in addition to the usual DNA-binding amino-terminus, HU has a large, flexible carboxy-terminus extension. Importantly, HU is essential in Mtb unlike in E. coli, where there are backup NAPs to cope with its absence. Individually, both the NAPs are vital players in genome organization and global gene expression regulation, thus playing an important role in Mtb biology (Gordon et al., 2010; Bartek et al., 2014; Bhowmick et al., 2014; Pandey et al., 2014) . The direct physical interaction between the two NAPs, shown here, leads to DNAbinding features that differ from those of the individual proteins; these features include altering gene expression regulatory patterns. The study thus reveals a novel association between the two NAPs and establishes its functional relevance. Both MtHU and MtLsr2 are highly basic, and therefore were not expected to interact. Nevertheless, MtLsr2 uses its unique acidic amino-terminal domain to interact with the flexible carboxy-terminus of MtHU. This interaction between the two basic proteins can thus be understood as the interaction of acidic and basic regions. In other examples, disordered, flexible regions of proteins frequently interact with partner proteins (Dyson and Wright, 2005) . Thus, the interaction we observe fits with the properties of the protein domains. A comparable interaction seems unlikely in E. coli as its HU lacks the large, flexible carboxy-terminus found in MtHU resembling histone tails having AKKA, PAKKA repeat motifs. Also, Lsr2 is an actinobacteria-specific NAP, absent in Gram-negative organisms. However, interactions between DNA architectural proteins mediated by flexible tails are not uncommon in eukaryotes. For example, the interaction of the carboxy-terminus of HMG-14 with the amino-terminus of H3 induces chromatin decompaction (Trieschmann et al., 1998) . Other examples include the interaction between the flexible carboxy-tail of H2A with H1 (Vogler et al., 2010) , with unstructured tails at the amino-terminus of H3, and with the carboxy-terminus of HMGB1 (Watson et al., 2014) . These interactions contribute significantly to shaping chromatin architecture and dynamics. However, there are no reports of complex formation between two NAPs in any bacteria so far. Interaction between the NAP Rok and the DNA-binding protein DnaA is seen in Bacillus subtilis (Seid et al., 2017) . This interaction modulates transcription and has been hypothesized to influence nucleoid architecture (Seid et al., 2017) . Thus, similar to the interaction between MtHU and MtLsr2 discussed in this study, there could be collaborations between the NAPs in other bacteria. Such functional interactions between the NAPs open a new area of exploration in prokaryotic genome dynamics and gene expression.
The versatility of NAPs is reflected in the variety of DNAbinding modes they exhibit, such as bridging, bending, wrapping and coating (Luijsterburg et al., 2006) . Earlier studies with MtLsr2 showed that it is a DNA-bridging protein (Chen et al., 2008) that preferentially binds to and regulates A/T-rich regions of the Mtb genome (Gordon et al., 2010) . The bridging mode of MtLsr2 has been shown to be involved in repression of the Fe storage gene bfrB under low Fe conditions (Kurthkoti et al., 2015) . On the other hand, MtHU is a sequence non-specific DNA-binding protein that condenses DNA into globular, ball-like structures (Ghosh et al., 2016) . DNA bound to the MtHU-Lsr2 complex showed a profoundly distinct architecture, different from the binding modes of either protein individually; it formed thick open filaments upon binding to DNA. Different mode of DNA interaction seen with MtHU-Lsr2 complex is not surprising as in E. coli, HU is shown to have different patterns of DNA-binding depending on whether it is a homodimer of HUββ and HUαβ heterodimer (Tanaka et al., 1993; Pinson et al., 1999) . Moreover, a heterodimer of HUα and a mutant HUβ (E38A) caused drastic changes in its oligomerization and DNA-binding mode (Guo and Adhya, 2007) . Similarly, AFM studies showed that, at a saturating concentration, E. coli HU rigidifies relaxed circular and supercoiled DNA (Dame and Goosen, 2002) . However, MtHU forms ball-like structures of multiple DNA molecules ( Fig. 5D and Ghosh et al., 2014) . MtLsr2 showed a DNA-bridging mode similar to H-NS. In another AFM study, DNA incubated with a combination of E. coli NAPs (HU, H-NS, IHF) resulted in the formation a nucleo-protein fibre with novel physical properties (Maurer et al., 2009) . However, this was not due to physical interaction as seen in the present study between the two NAPs, but possibly due to functional cooperation between the three NAPs when DNA bound.
The different DNA-binding modes of the two individual NAPs and the thick filamentous pattern of DNA generated upon binding of the complex raise interesting questions on how they regulate gene expression. In addition to the characteristic individual pattern of regulation by MtLsr2 and MtHU, the complex may impact gene expression in a different fashion. MtLsr2 is known to be predominantly a negative regulator of gene expression (Gordon et al., 2010) . Its repressive mechanism has been studied in case of the Fe storage gene bfrB. Under low Fe conditions, Lsr2 by its bridging mechanism forms a loop at the regulatory region of the bfrB gene thus occluding RNA polymerase. When concentrations of Fe increase in the cell, the IdeR-Fe apo protein binds to the upstream region with high affinity, displacing Lsr2 and alleviating the transcription (Kurthkoti et al., 2015) . Although it largely works as a repressor, deletion of MtLsr2 in Mtb caused down-regulation of many genes, showing its positive effect on transcription (Bartek et al., 2014) . HU is known to have both negative and positive roles in transcriptional regulation (Oberto et al., 2009) . That the DNA-binding modes of the NAPs can influence their regulatory properties (Kotlajich et al., 2015) , led us to consider various possibilities on how the heteromeric MtHU-Lsr2 complex could impact transcription differently compared to the effect of the individual NAPs. The complex of the two NAPs may negatively regulate transcription if MtHU and MtLsr2 both repress transcription at a given promoter. Alternatively, the complex may have a positive role if both the NAPs impact transcription in a positive fashion or one of them could have a more dominant effect overcoming the effect of the other. Thus, given that MtLsr2 is involved in regulating genomic regions harbouring foreign elements and genes involved in the secretory pathways, from the bindome data, we chose rv1793 and rv3904c which are also involved in secretion systems (Gey Van Pittius et al., 2001) . Further, we also chose rv1034c, a putative transposase whose expression may have to be silenced much of the time during the bacterial life cycle. Increase in transcription observed with the two ESAT-6 family of genes when MtLsr2 alone was used in in vitro transcriptions confirm its role in regulation of virulence gene expression. In contrast, the decrease in transcription observed in the case of the transposase gene indicates the NAP's silencing role. Notably, the complex repressed the transcription of all the three genes (rv1793, rv3904c and rv1034c), showing an effect similar to MtHU alone, suggesting MtHU's more dominant effect. Most notably, both Fig. 6 . Mt(HU-Lsr2) complex is a transcription regulator. In vitro transcription reactions were carried out at the upstream region of four genes with common binding sites for MtHU and MtLsr2 (rv1793, rv3904c, rv1034c and rv3376) . The rrn PCL1 promoter was used as a negative control. The amount of transcript was quantified by densitometry and normalized to the transcript obtained in the no protein lane. The fold change of the transcripts formed in the presence of either MtHU or MtLsr2 alone or in complex was plotted for each gene. Each experiment was carried out at thrice with similar results; representative images are shown. The quantification of the three independent experiments is given in arbitrary units (AU).
MtHU and MtLsr2, individually repressed the transposase gene and the repression seen with the complex is several folds higher. The larger repressive effect of the complex indicates a synergistic role for the complex in effectively silencing the expression of a deleterious gene. In E. coli, mechanisms leading to transposase silencing are well described (Twiss et al., 2005) , but such silencing mechanisms have not been studied in Mtb so far; repression of the transposase genes by MtHU-Lsr2 complex could be a first example of silencing mechanism in Mtb. Yet another pattern of transcriptional modulation is seen in the case of rv3376, with MtHU, MtLsr2 and the complex. Thus, it appears that complexation of MtHU and MtLsr2 is an additional mechanism increasing the repertoire of DNA binding and gene expression in mycobacteria.
Mtb contains fewer DNA-managing proteins i.e. the topoisomerases and NAPs are less diverse than observed with other bacteria having a similar genome size. For example, Mtb has a single type I topoisomerase (TopoI) and a single type II topoisomerase (DNA gyrase), while E. coli has two type I enzymes and two type II topoisomerases. Likewise, E. coli contains over a dozen NAPs, while Mtb has only seven (Colangeli et al., 2007; Basu et al., 2009; Blasco et al., 2012; Ghosh et al., 2013; Mishra et al., 2013; Bhowmick et al., 2014; Liu et al., 2016) . The paucity of DNA managers in Mtb has led to some proteins taking up additional responsibilities. For example, DNA gyrase in Mtb is a strong decatenase replacing the chromosome segregation role of E. coli topoisomerase IV (Kumar et al., 2012) . Moreover, MtHU interacts with MtTopoI, Mtb's sole relaxase, to stimulate DNA supercoil relaxation . Thus, it is likely that, in a background of minimalized chromosome architectural proteins, interactions between DNA-binding proteins form new DNA-binding entities having novel features to perform DNA architectural functions and provide an additional layer of regulatory mechanism. Given the under representation of NAPs in Mtb, we are currently examining the possibility that other NAPs interact to form complexes, that may have functional implications.
Experimental procedures
Cloning, expression and purification of proteins
The full-length MtHU, amino-terminal domain of MtHU (MtHU-NTD), and carboxy-terminal domain of MtHU (MtHU-CTD) were expressed in and purified from E. coli BL21 cells according to published protocols (Bhowmick et al., 2014; Ghosh et al., 2016) . The MtLsr2 gene was amplified by PCR using primers Lsr2FP and Lsr2RP (Table S1 ) and inserted in pET-28a(+) (Novagen) such that a hexa-histidine tag was placed at the amino-terminus of Lsr2. The protein was expressed in E. coli BL21 cells by induction with 0.3 mM isopropyl-β-D-1-thiogalactopyranoside. Cells were lysed by sonication in lysis buffer (10 mM Tris-HCl pH 7.5, 1000 mM NaCl, 5% glycerol and 1 mM phenylmethylsulfonyl fluoride (PMSF)). The lysate was clarified by centrifugation at 18,300 × g for 30 min at 4°C. Ni-NTA beads (G Bioscences, USA) were added to the supernatant fluid followed by mixing for 2 h at 4°C. Beads were collected by centrifugation at 900 × g for 2 min and washed with wash buffer-1 (10 mM Tris-HCl pH 7.5, 500 mM NaCl, 5% glycerol and 0.1 mM PMSF) and wash buffer-2 (10 mM Tris-HCl pH 7.5, 100 mM NaCl, 5% glycerol, 50 mM imidazole and 0.1 mM PMSF). The protein was eluted with elution buffer (10 mM Tris-HCl pH 7.5, 100 mM NaCl, 5% glycerol, 150 mM imidazole and 0.1 mM PMSF) and analysed by 15% SDS PAGE using Coomassie staining (Fig. S2) . The amino-terminal domain of MtLsr2 (MtLsr2-NTD) and the carboxy-terminal domain of MtLsr2 (MtLsr2-CTD) were amplified by PCR using primers Lsr2NTDFP, Lsr2NTDRP and Lsr2CTDFP, Lsr2CTDRP (Table S1 ) respectively. The protein domains were purified using the protocol described above for full-length MtLsr2 (Fig. S2) .
Co-immunoprecipitation assay to identify interacting partners of MtHU
For identifying interacting partners of MtHU, anti-HU antibody was used for co-immunoprecipitation (Co-IP), as per a published procedure (Free et al., 2009 ) with modifications. Briefly, exponentially growing MtbH37Ra cells were suspended in Co-IP buffer (10 mM sodium phosphate (pH 7.4), 100 mM NaCl, 1 mM EDTA and 0.5% Nonidet P40) and lysed by bead beating. The lysate was centrifuged at 3,500 × g, 4°C for 15 min, and the resulting supernatant fluid was treated with both RNase and DNase (0.1 mg ml -1 at 37°C for 2 h). Affinity-purified anti-MtHU antibody was incubated with of the supernatant fluid (containing 500 µg total protein) in 100 µl Co-IP buffer for 3 h at 4°C. Murine IgG was incubated with MtbH37Ra lysate under identical conditions as a control. To this mixture, Protein A sepharose beads (GE Healthcare, USA) were added, followed by incubation for 1 h at 4°C. The beads were collected by centrifugation at 900 × g and washed 5 times with Co-IP buffer, suspended in 1X sodium dodecyl sulphate (SDS) gel loading dye (50 mM Tris-HCl pH 6.8, 2% SDS, 10% glycerol, 12.5 mM EDTA, 0.02% bromophenol blue, without β-mercaptoethanol) and boiled for 10 min. After boiling, beads were concentrated by vacuum centrifugation at 900 × g for 2 min. The supernatant was subjected to electrophoresis in an SDS 10% polyacrylamide gel. The band containing the pool of eluted proteins was excised from the gel for mass spectrometric analysis. For protein identification, the samples were carbamidomethylated, and subsequently trypsinized. The resulting peptides were injected on a Dionex nano-LC system followed by MS/MS analysis on a Bruker Maxis Impact QTOF instrument. The spectra were analysed using Mascot, searching protein databases from UniProt and NCBI.
Interaction between MtHU and MtLsr2
Two microgram of hexa-histidine tagged MtLsr2 and MtHU were co-incubated in Co-IP buffer (10 mM Na phosphate pH 7.4, 100 mM NaCl, 1% Nonidet P40) at 25°C for 30 min. Ni-NTA (G Biosciences, USA) beads were added to the reaction mixture and incubated for 30 min at 25°C. Ni-NTA beads were also added to a reaction mix containing only purified MtHU as a control. The beads were pelleted by centrifugation at 900 × g for 2 min and washed 5 times with Co-IP buffer. For elution of protein, the beads were boiled with 20 µl water in 1X SDS gel loading dye (without β-mercaptoethanol) for 10 min. The beads were sedimented by centrifugation at 900 × g for 2 min, and the supernatants were analysed by 15% SDS-PAGE using silver staining. For reverse pull-down experiments, ProteinA sepharose beads (GE Healthcare, USA) were coupled with anti-MtHU antibody. Then 2 µg of purified MtLsr2 and purified MtHU were co-incubated in Co-IP buffer at 25°C for 30 min. Next, anti-HU antibody conjugated Protein A sepharose beads (GE Healthcare, USA) were added to the reaction mixture and agitated for 2 h at 25°C. The beads were processed as before.
To further substantiate that the interaction occurs in Mtb cells, MtbH37Ra lysate (200 µg of total protein) was incubated with ProteinA sepharose beads (GE Healthcare, USA) conjugated with anti-MtLsr2 antibody for 3 h at 25°C in Co-IP buffer. The beads were processed as described above. In another case, MtbH37Ra lysate (200 µg of total protein) was incubated with purified hexa-histidine-tagged MtLsr2. Ni-NTA beads were added to the reaction mixture to affinity-precipitate MtLsr2. The bead fractions in both cases were electrophoresed on a 15% SDS acrylamide gel, which was analysed by Western blotting after transfer to a PVDF membrane by probing with anti-MtHU antibody.
Interaction between the individual domains of MtHU and MtLsr2
To detect interactions between individual domains of MtHU and MtLsr2, the amino-terminal hexa-histidine tag of MtLsr2 was cleaved using thrombin. Untagged full-length MtLsr2 was incubated with the hexa-histidine tagged MtHU-NTD and MtHU-CTD separately for 1 h at 25°C in Co-IP buffer 2 (10 mM Na phosphate (pH 7.4), 100 mM NaCl, 0.25% Nonidet P40) and then affinity-precipitated with Ni-NTA beads. Similarly, full-length MtHU was incubated with the hexa-histidine tagged Lsr2-NTD and Lsr2-CTD separately, which were then affinity-precipitated with Ni-NTA beads as described above. The eluted products were loaded on a 15% SDS polyacrylamide gel and electrophoresed to separate the products. The gel was analysed by silver staining.
Electrophoretic mobility shift assay (EMSA)
Single-stranded 30-mer oligonucleotide (30merTS) ( Table  S1 ) was labelled at the 5′ end using ATP-[γ-
32 P] and T4-polynucleotide kinase, and it was then annealed to the complementary oligonucleotide (30-mer BS) in 1X annealing buffer (10 mM Tris-Cl pH 7.5, 50 mM NaCl). A cocktail of the double-stranded oligonucleotide was prepared in EMSA buffer (10 mM Tris-Cl pH 7.5, 100 mM NaCl) at 25°C for 30 min. Equal amount of the DNA cocktail was incubated with the different proteins at 25°C for 20 min. Reaction mixtures were electrophoresed in 6% native acrylamide gels in 0.5X TBE and analysed using a phosphoimager (GE Healthcare, USA). The cold EMSA experiments were carried out similarly. Reactions were electrophoresed on a 0.8% agarose gel and visualized after EtBr staining under UV light.
Atomic force microscopy (AFM)
Linear pUC18 DNA was incubated with MtHU, MtLsr2 and MtHU-Lsr2 complex in AFM buffer (10 mM Tris-HCl pH 7.4, 5 mM MgCl 2 and 100 mM NaCl) for 30 min at 25°C. Ten micro litre aliquots of the reaction mixture were spotted on a freshly cleaved piece of V-1 quality Mucosavite Mica (Electron Microscopy Science) and kept at 25°C for 30 min. Excess sample was washed off with 100 µl water, and the mica piece was dried in a desiccator overnight. Imaging was carried out in the non-contact mode, at a scan rate of 0.5 Hz with a silicon nitride cantilever of 40 N m -1 stiffness in a NX10 Atomic Force Microscopy instrument, Park Systems.
In vitro transcription
DNA fragments, containing promoter elements and part of the coding regions of rv1793, rv1034c, rv3904c and rv3376 were amplified by PCR from MtbH37Ra genomic DNA, using the primers pairs 1793FP, 1793RP; 1034FP, 1034RP; 3904usFP, 3904RP and 3376FP, 3376RP (Table S1 ). The amplified products were used for in vitro transcription reactions following a published protocol (China and Nagaraja, 2010) . The Mtb rrn PCL1 template was used as a negative control. Briefly, reaction mixtures containing 100 ng of the promoter bearing templates were incubated with 200 nM RNA polymerase, 100 µM NTPs and 1 µCiα P 32 UTP in transcription buffer (50 mM Tris-HCl pH 8.0, 3 mM magnesium acetate, 100 µM EDTA, 100 µM dithiothreitol, 30 mM potassium chloride, 50 µg ml -1 bovine serum albumin, 5% glycerol) on ice for 5 min. The reaction mixtures were then incubated at 37°C for an additional 30 min, terminated by adding stop buffer (95% formamide, 0.025% w/v bromophenol blue, 0.025% w/v xylene cyanol, 5 mM ethylenediaminetetraacetic acid, 0.025% SDS, 8 M urea), inactivated by incubation at 95°C for 5 min, resolved in a 6% urea-polyacrylamide gel and analysed using a phosphorimager.
MtHU ChIP-sequencing and analysis
ChIP-sequencing was carried out using the protocol described earlier (Ahmed et al., 2017) . Exponentially growing MtbH37Rv cells were cross-linked with 1% formaldehyde, resuspended in IP buffer (50 mM HEPES-KOH pH 7.5, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% sodium deoxycholate, 0.1% SDS, Antiprotease mini tablet Roche) and sonicated (Bioruptor, Diagenode) to shear DNA. MtHU ChIP was carried out with anti-MtHU polyclonal antibody (Bhowmick et al., 2014 ). An IP experiment without antibody served as negative control (Mock IP). The immunoprecipitated DNA fractions were subjected to size selection (150-300 bp) prior to library construction using Illumina sample preparation kit (Illumina; San Diego, California, USA). The libraries were subjected to sequencing using Illumina HiSeq. The single-end sequence reads generated from the ChIP-sequencing experiments were aligned to the MtbH37Rv genome (NCBI accession NC_000962.2). BAM files were normalized for sequencing depth. Peaks calling was carried out using MACS v.1.4 with parameters "-bw 200 -m 10100." The fold enrichment ratio was calculated by dividing the read counts for the ChIP-sequencing sample by the read counts of the Mock IP sample.
The overlapping binding sites between MtHU and MtLsr2 (Minch et al., 2015) were determined by manually comparing the individual data sets.
